Variety traditionally denotes products that serve a wide range of customer needs. However, variety in production exists too. Like products, production processes and production resources may also embody variety to serve the production fulfillment of a product variety. In this paper, product variety and variety in production are described and contrasted through a literature review. The aim is to serve the engineering design community with an elevated perspective of variety in production and its relation to product variety.
Introduction
Variety is a common concept that describes a number or range of things of the same general class that are distinct in character or quality. A thing is an object that one need not, cannot, or does not wish to give a specific name to (Oxford Dictionaries, 2017) . The common industrial use of variety is to describe the immense number of product variants that can meet (1) a wide range of customer needs; the product variety, and (2) different market segments; the product families. There are various industries affected by the high number of variants that are driven by the aim to meet a wide range of specific customer needs. An example that proves the magnitude of variety in the automotive industry is from the BMW Group as they reached an astonishing number of 10 17 variants of their 7 Series cars (Hu et al., 2008 ). Managing such high product variety is a complex task (ElMaraghy et al., 2012) , and several challenges related to achieving efficient product variety management have been identified (ElMaraghy et al., 2013) . In industry, manufacturers constantly battle to efficiently develop and produce a variety of products with differentiated configuration and performance while ensuring that each variant can be produced utilizing a selection of production resources. To ensure functionality and quality of the product variants, as well as to predict system behavior, products and production systems can be modeled. While product modeling primarily aims to verify the fulfillment of the customer needs and reach the adequate product performance and quality, production modeling aims to coordinate production resources and processes and satisfy the production fulfillment of the products at specified time, cost and quality. The sequential approach "product performance first and producibility second" is commonplace. The product performance is typically optimized to absurdum before including the production aspects. If, at this late stage, the performance-optimized design proves to be non-producible, modifications are required that can increase cost (Rush and Roy, 2000) and compromise the product performance. Although there is a common notion that companies can gain efficiency by integrating product and production development, for example through concurrent engineering (Prasad, 1996) and Design for Manufacturing (DfM) (Boothroyd, 1994) , it is still difficult for design engineers to include production aspects during the conceptual product design stages. To support engineers from both product design and production to develop a producible product variety, mutual product-production models that support the conceptual product design stages are needed (Wang et al., 2002) , and especially them concerning variety. Currently, there is a void of research that clearly describes and explains variety in production like product variety, which may hinder the creation of proper support. In this study, product variety and variety in production are viewed through the same eyeglasses in order to provide new knowledge related to the product-production variety interplay. The aim of this study is to serve the engineering design community with an elevated perspective of variety in production and its relation to product variety. The underlying concepts are described and explained by approaching three research questions ( 
Literature review
The literature review is structured following the three main classifications shown in Figure 1: (1) Variety, (2) Family, and (3) Architecture. The concept of Technical System serves as a general class of these three classifications: Variety of Technical Systems, Family of Technical Systems, and Architecture of Technical Systems. Moreover, we distinguish between product variety and variety in production by studying concepts akin to the two. Hubka and Eder (1988) introduced the theory of technical systems (TTS) to support design engineers to better understand artifacts and processes related to technical systems. By adding the descriptive word technical onto the definition of a system from Oxford Dictionaries (2017) a technical system is a set of technical things working together as parts of a mechanism or an interconnecting network; a complex whole. Concerning product variety and variety in production in this study, the technical systems are represented as products, production processes, or production resources.
Technical systems

Variety of, and family of technical systems
Up until now, a vast body of knowledge related to product variety exists. Several practical concepts have been developed to support product variety management, such as various forms of standardization (Ulrich, 1995) , modularization (Erixon et al., 1996) , product family design (Erens, 1996) , and product platform development (Wheelwright and Clark, 1992; Meyer and Lehnerd, 1997; Sawhney, 1998; Jiao et al., 2000; Salvador et al., 2002; Halman et al., 2003; Simpson et al., 2006; Jiao et al., 2007a; Alizon et al., 2007; Krause and Eilmus, 2011; Levandowski et al., 2013; Johannesson et al., 2017; Meyer et al., 2017) . Although variety traditionally concerns products through the eyeglasses of marketing, engineering, and distribution, variety in production exist too. Several concepts akin to variety in production have been proposed: such as Cellular Manufacturing (CM) (Choobineh, 1988) , Flexible Manufacturing Systems (FMS) (Browne et al., 1984; ElMaraghy, 2005) , Modular Production Systems (MPS) (Rogers and Bottaci, 1997) , Reconfigurable Manufacturing Systems (RMS) (Koren et al., 1999; Koren et al., 2016) , Agile Manufacturing Systems (AMS) (Gunasekaran, 1999) , Generic-Bill-of-Materials-and-Operations (GBOMO) (Jiao et al., 2000) , process platforms (Jiao et al., 2007a) , manufacturing platforms (Michaelis and Johannesson, 2011) . Based on the definition of product platforms by Robertson and Ulrich (1998) , a platform of technical systems can be defined as a collection of assets that are shared and reused among a set of technical systems. A variety of technical systems can relate to each other in character or quality, like a family. A family is a common concept to describe a group of related things (Oxford Dictionaries, 2017) . Because a technical system can be denoted a product, a production process, or a production resource, a family of technical systems can refer to a family of products, a family of production processes, or a family of production resources. Especially, there are several publications related product variety and product family design, for example Erens (1996) , Simpson (1998), and Jiao et al. (2007b) . Also integrated product-production approaches have been developed, such as the design of product families with the influence of production resource constraints (Kimura and Nielsen, 2005) , and approaches for the co-development of products and production systems (Bryan et al., 2007; Tolio et al., 2010; ElMaraghy and Abbas, 2015) . However, the family class is seldom used to describe a group of related production processes or production resources. On a lower level of abstraction, Du et al. (2001) consider the product family design by regarding the architecture.
Architecture of technical systems
An architecture postulates the complex or carefully designed structure of something (Oxford Dictionaries, 2017) . In this study, the definition regards the architecture of the following technical systems: products, production processes, and production resources. The product architecture is defined as "the scheme by which the function of a product is allocated to physical components" (Ulrich, 1995) . This scheme includes the arrangement of functional elements, mapping from functional elements to physical components, and the specification of interfaces. Several methods have been proposed to model the architecture of a product, such as the creation of the FunctionMeans (F-M) tree (Andreasen, 1980) and Enhanced Function-Means (EF-M) tree (Schachinger and Johannesson, 2000) that regards the hierarchical modeling of Functional Requirements (FRs), Design Solutions (DSs), Constraints (Cs), and their relations. The architecture of a variety of products can be encompassed in on single EF-M tree by modeling a variety of DSs solving the same FR (Berglund and Claesson, 2005) . For example, 'FR: convert energy into mechanical motion' can be solved by 'DS1: gasoline combustion engine', 'DS2: diesel combustion engine', or 'DS3: electric engine'. This modular bandwidth can be used to develop and configure several product variants concurrently, discussed in for example (Levandowski et al., 2015) . Wheelwright and Clark (1992) emphasize that production requirements and capabilities need to be combined with design requirements to lay down the product architecture. In simple terms, a conventional product (e.g. a gasoline combustion engine) and a production machine (e.g. an industrial robot) are alike; however, in fact they differ in one fundamental aspect: While the gasoline combustion engine is intended to fulfill the same function throughout its lifecycle, the industrial robot need to serve multi-functionality and be reconfigurable to enable the insertion of additional tools when needed (Koren et al., 2016) . For example, the industrial robot needs to serve the production fulfillment of different types and sizes among the product variety that may change over time (Qiao and Weiss, 2016) . Therefore, to provide a decent basis for product-production modeling, the concept of architecture needs to be generalized to serve different sub-classes of technical systems. A general definition of an architecture, i.e. system architecture, is provided by Crawley et al. (2004) : "system architecture is an abstract description of the entities of a system and the relationships between those entities." To organize and coordinate the design activities of complex systems among several design teams, the concept of modularization was introduced. Modularization focus on "building a complex product or process from smaller subsystems that can be designed independently yet function together as a whole." (Baldwin and Clark, 1997) . Modularization has been a fundamental concept of product family design, product platform development, as well as similar concepts in production such as the Modular Production Systems (MPS) (Rogers and Bottaci, 1997) and the Reconfigurable Manufacturing Systems (RMS) (Koren et al., 1999) . During the production, the modularity of the MPS and the RMS is pivotal to allow quick changeover to serve the production fulfillment of many different product variants among a product variety, i.e. the convertibility of the RMS (Mehrabi et al., 2000) .
Research method
To answer RQ1 and RQ2, a literature review on variety from the perspective of product and production was conducted. Concepts akin to the two types of variety were identified. The main result of RQ1 is a model that represents both product variety and variety in production. RQ2 is answered through a qualitative analysis and a table that show the relation of the akin concepts and the types of variety is presented. To answer RQ3, a systematic search in SCOPUS® was conducted: (1) during a literature review, several concepts akin to product variety and variety in production were identified, (2) keywords related to these concepts were categorized according to general, excluded, and specific keywords (see Table  1 ), (3) based on the keywords two distinctive search strings were created in SCOPUS® (see Table 2 ), and finally (4) data representing the number of publications on product variety and variety in production, published during the years 1970-2016, was collected, visualized (see Figure 4) , and then analyzed. 
S p e c i f i c keywords Excluded keywords
General keywords Product Variety
+ product platform* + product famil* + part famil* + product variant* + variet* Variety in Production + cellular manufacturing system* + flexible manufacturing system* + modular production system* + reconfigurable manufacturing system* + agile manufacturing system* + manufacturing platform* + production platform* -product design -product development -product variety 
Results
Fundamentally, this research regards technical systems as a general class of variety. More specifically in this study, product and production are regarded as two separate classes. The sub-sections of the results largely follows the structure of the research questions posed: Sub-section 4.1 refers to RQ1, 4.2 refers to RQ2, and 4.3 refers to RQ3.
Descriptions of product variety and variety in production
Based on the literature review conducted in this study, a model that represents product variety and variety in production was created. In Figure 2 , product variety, variety in production, and their interplay are illustrated, and descriptions of the concepts are reported. These descriptions aim to support the knowledge about the product-production variety interplay.
Figure 2. Product variety and variety in production
In this paper, product variety is described as a set of product variants that aims to satisfy a wide range of customer needs. In modeling of the product architecture, product variety can be exemplified by a variety of design solutions that fulfills a functional requirement, for example 'FR1: convert energy into mechanical motion' can be solved by either 'DS1a: gasoline combustion engine', 'DS1b: diesel combustion engine', or 'DS1c: electric engine' (see left part of Figure 3) . Variety in production is a broader term than product variety. In this paper, variety in production is decomposed into two sub-classes: production process variety and production resource variety, that collectively serves the production fulfillment of the product variants among the product variety. Production process variety is described as a set of production processes aimed to serve the sequence of production operations required to reach the desired refinement of a product variety. An example of production resource variety is to solve the function 'FR1: join parts' by either of the operations 'OP1a: glueing', or 'OP1b: welding' (see mid part of Figure 3) . Production resource variety is described as a set of production resources, each with its certain function and performance, aimed to support certain refinement of a product variety. Production resource variety can be exemplified by a variety of design solutions that fulfills a functional requirement, for example 'FR1: generate ray of energy' can be solved by either 'DS1a: TIG weld head', 'DS1b: Laser Arc weld head', or 'DS1c: Electron Beam weld head' (see right part of Figure 3 ). To show that there are interdependencies across product variety, production process variety and production resource variety, arbitrary relations are shown in Figure 3 . Note: for more in-depth reasoning of these relations, read Landahl et al. (2017) . 
Relations of the concepts akin to product variety and variety in production
To study and contrast product variety and variety in production, and specifically their relation to the identified concepts akin to the two, a qualitative analysis was conducted. In Table 3 , the relation map of each concept akin to product variety and variety in production is shown respectively. Each relation is represented in a cell of Table 3 . To distinguish an akin concept and its core focus of either product variety or variety in production, it is labeled primary or secondary. To clarify the relation, it is also labeled explicit or implicit followed by a short description. An explicit relation in this study is described as a clear relation, leaving no room for doubt that the relation exists, while the implicit relation in this study is described as a relation that is not directly expressed. (Ericsson and Erixon, 1999) Primary Implicit A product variant is an instance of the product variety.
Secondary Implicit
A sole variant can follow the same production process.
A sole variant can utilize the same production resources.
Product Modularization
Main reference:
Primary Explicit
Standardized interfaces serve interchangeability and reuse of modules
Secondary Implicit
Focuses on reducing variety of production processes.
Focuses on maximizing the utilization of expensive (Erixon et al., 1996) among a family of products.
production machines and tools.
Product Platform
Main reference: (Robertson and Ulrich, 1998) and
Product Family
Main reference: (Erens, 1996) (Choobineh, 1988) Secondary Explicit CMS aims to support a low number of variants among a product family.
Primary Explicit
Focuses on allowing a restricted production process variety within manufacturing cells.
Focuses on allowing a restricted production resource variety within manufacturing cells.
Flexible Manufacturing Systems (FMS)
Main references: (Browne et al., 1984; ElMaraghy, 2005) Secondary Explicit FMS aims to support a medium number of variants among a product family.
Primary Explicit
Focuses on flexibility of production processes to serve pre-defined product families that can change over time.
Primary Implicit
Focuses on flexibility of production resources with a fixed machine structure to serve product families that can change over time.
Modular Production Systems (MPS)
Main reference: (Rogers and Bottaci, 1997) 
Secondary Implicit
The product variety may determine the variety in production.
Primary Implicit
Focuses on adapting the production processes to serve the production fulfillment of a product variety.
Primary Explicit
Focuses on the modularization of machines and tools to rapidly configure and reconfigure the production systems. Agile Manufacturing Systems (AMS) Main reference: (Gunasekaran, 1999) 
Secondary Implicit
Primary Explicit
Focuses on the rapid changeover from producing one product to producing another.
Focuses on the rapid changeover from producing one product to producing a different product.
Reconfigurable Manufacturing Systems (RMS)
Main reference: (Koren et al., 1999) 
Secondary Implicit
Primary Implicit
Focuses on swiftly adapting the production processes to serve the production fulfillment of the current and future product variety.
Primary Explicit
Focuses on the convertibility of the parts of the machines and tools to swiftly adapt the production resources to serve the production fulfillment of the current and future product variety.
Process Platform
Main reference: (Jiao et al., 2007a) 
Secondary Explicit
The product variety determines the variety in production.
Primary Explicit
Focuses on reuse of production operations by finding commonalities among a variety of production process variants.
Primary Implicit
The product variety and production process variety may affect the production resource variety.
Manufacturing (Production) Platform
Main reference: (Michaelis and Johannesson, 2011) 
Secondary Implicit
The product variety is not necessarily a prerequisite for the manufacturing platform as a manufacturing system can be developed separately from a product variety.
Primary Implicit
Focuses on reuse of production processes by finding commonalities among a variety of production processes.
Primary Explicit
Focuses on reuse of modules among a variety of production resources by finding commonalities among the production resources (machines and tools).
Research trend on product variety and variety in production
To study the research trend on the identified concepts akin to product variety and variety in production respectively, a systematic search in SCOPUS® was conducted. The akin concepts (see Table 3 ) was used to determine a set of keywords (see Table 1 ) and two distinctive search strings was created (see Table 2 ). In Figure 4 , the number of publications published from 1970 until 2016 related to product variety and variety in production respectively are shown. Two intriguing characteristics can be observed:
(1) the parallelism of the two concepts until year 2006, (2) the relative increase of publications concerning variety in production (compared with product variety) until year 2015. Bear in mind a general increase of publications in Scopus over time; therefore, primarily the relative increase of publications is of interest. 
Discussion and conclusion
During the product conceptual design stages, customer requirements are mapped to functional specifications on which multiple alternative design solutions are generated. Methods and tools that support collaborative conceptual design, developed for either commercial or research purposes, are rare (Wang et al., 2002) . To create and develop proper methods and tools that support the conceptual modeling and assessment of multiple alternative design solutions with the influence of variety in production, the product-production variety interplay needs to be clarified. In this paper, variety in production is described and explained similar to product variety to serve the engineering design community with an elevated perspective of variety in production and its relation to product variety, and vice versa. A model that describes the concepts and their relation is presented. Most research that concerns product variety and variety in production on a detailed architectural level, for example (Michaelis et al., 2015) . However, no clear model that describes them on a general level was found. In this study, two sub-classes of variety in production were formed and described in the same model: production resource variety and production process variety. Concepts akin to product variety as well as variety in production was identified based on a literature review and each concept was explained of its relation to each type of variety. In addition, an analysis of past and present research related to product variety and variety in production was conducted.
Contribution of the study presented
The aim of this paper is to provide the engineering design community with an elevated perspective of variety in production and its relation to product variety. The contribution of this paper is: (1) a model that describes product variety and variety in production on a general level, (2) a qualitative mapping of established research concepts akin to product variety and variety in production, and (3) a trend analysis of product variety and variety in production based on the existing research.
The need to see the product-production variety interplay
In this study, the two variety concepts are made similar by separating and contrasting them; however, it is difficult to sort out product variety from variety in production and vice versa. Oftentimes, variety in production is a result of product variety; for example, without the need to satisfy a wide range of customer needs, no product variety or variety in production are needed. Because of today's great demand for individualized products, design engineers need to be equipped with adequate support to make mutual assessments of product-production alternatives before the products are optimized. To contrast the conventional focus on product variety through the eyeglasses of marketing, engineering, and distribution, we show that different types of variety exist by themselves and in interplay. We devise that, to support the conceptual modeling, product variety and variety in production must not be separated; rather, they should be regarded as a product-production variety interplay.
Research trend on product variety and variety in production
The aim of creating two search strings was to separate the two variety concepts and illuminate the research interest of the two. Data was collected to form trend curves of the two variety concepts respectively. The most interesting observation is the fact that research on product variety and variety in production have diverged significantly during the last decade. Despite that the need for variety in production is typically driven by product variety, which is visualized in Figure 4 ( years 1970-2006) , the increasing interest for variety in production after year 2006 is intriguing. According to the data collected from SCOPUS®, the publications concerning variety in production is almost double in number compared with the publications concerning product variety. A few concerns regarding the results can be discussed. It is important to note that the data is collected using two search strings created based on a few keywords that supposedly can represent product variety and variety in production respectively. Most certainly there are several publications in the mass that are less linked to the two variety concepts. One needs to keep in mind that it is difficult to create a perfect search string and find the essentiality of a publication in a mass of them. Also, because a greater number of concepts related to variety in production compared with product variety were found, the search string of variety in production is longer than the one of product variety. Additionally, some concepts akin to product variety and variety in production respectively may have been unintentionally neglected.
Future work
Currently, there is a lack of support for engineers from both product design and production to model products and production systems mutually during the conceptual product design stages. The research presented may pave the way for future work concerning product-production variety.
Future work will focus on the creation of approaches that can support the modeling and assessing of a product-production variety. The approaches will be developed in collaboration with industrial partners, primarily from the automotive and aerospace industries. The aim is to provide engineers from both design and pre-production with the means to develop a product variety, assess the producibility of the product variants early, as well as to support production process and resource reconfiguration; thus, supporting the development of both product variety and variety in production during the conceptual stages.
